The atomic force microscope (AFM) force curve has been widely used for determining the mechanical properties of materials due to its high resolution, whereby very low (piconewton) forces and distances as small as nanometers can be measured. However, sometimes the resultant force curve obtained from AFM is slightly different from those obtained from a more typical nanoindentation force curve due to the AFM piezo's hysteresis. In this study the nanomechanical properties of either a sulfonated polyether ether ketone (SPEEK) treated layer or bare polyether ether ketone (PEEK) were evaluated via AFM nanoindentation and a nanomechanical test system to probe the possible error of the calculated nanomechanical properties due to the AFM piezo's hysteresis. The results showed that AFM piezo's hysteresis caused the error in the calculated nanomechanical properties of the materials.
Introduction
Due to the increased applications of thin film polymeric materials and polymeric coating layers in different fields of research, probing the nanomechanical properties of polymeric materials has become essential to scientists. Based on Buckle's one-tenth rule for probing the mechanical properties of a coating or thin layer of a particular material, the maximum indentation depth must be less than one-tenth of the thickness of that layer to prevent an effect of the substrate in the resultant force curve [1] . High resolution equipment for measuring indentation force curves is therefore required. Atomic force microscopy (AFM) and nanomechanical test system have been used widely to probe the nanomechanical properties of the surface of materials.
The atomic force microscope was invented by Binning and Smith [2] . Burnham and Colton [3] used AFM in a nanoindentation study for the first time and measured nanomechanical properties of material surfaces at piconewton resolution. The AFM nanoindentation technique has since been used on various types of materials such as rat fibroblasts [4] , tomato fruit cells [5] , scaffolds [6] , gels [7, 8] , bulk metallic glass [9] , polymers [10, 11] , and especially thin coating layer [12] . However, there are some common errors in the AFM force curve due to the AFM piezo's hysteresis and using cantilevers with low spring constant which make it difficult or even impossible to extract the mechanical properties of the material from the AFM's force curve [13] [14] [15] [16] [17] [18] . The nanomechanical test system (NTS) is another example of typical equipment that has been used to draw force-indentation depth graphs [19] [20] [21] and has been used to measure Young's modulus for various materials such as hydroxyapatite [22] and titanium [23] . Several formulations to calculate the elastic modulus from the force curve are 2
Journal of Engineering
Contact area [26] , Hertz [27] , and Oliver and Pharr [28] . Each of the formulations has its unique strengths and limitations. This comparative study was conducted to evaluate the effect of the AFM piezo hysteresis on the calculated mechanical properties of polymeric materials, compared with nanomechanical test system. For this reason Young's modulus of a treated layer of PEEK in sulfuric acid (i.e., SPEEK) was evaluated, as well as that of bare PEEK using AFM and nanomechanical test system. These materials were chosen as PEEK is relatively stiff and SPEEK is relatively soft in comparison with the cantilever's spring constant. Two formulations to calculate material properties from the AFM force curveHertz and Oliver-Pharr-were then used to analyze the two materials in terms of their suitability.
Materials and Methods

Sample Preparation.
Twelve cylindrical samples of implant grade PEEK Optima5 (Invibio) with a height of 0.8 cm and a diameter of 1.9 cm were used in the experiment. These samples were ground with 400-grit silicon carbide paper to reduce their surface roughness. After grinding, the samples were cleaned ultrasonically with acetone for 10 minutes [29] . For preparation of SPEEK samples, the ground PEEK disks were immersed in 95-97% sulfuric acid for 5 minutes, followed by washing with deionized water several times until the pH of the water reached the neutral value of 7 [30] . [28, 31] . In nanoindentation studies of polymeric materials the elastic properties of the indenter can be ignored [32] due to the large differences in the elastic modulus between the tip and the sample. The following Oliver-Pharr equations [31] were based on this assumption. For a pyramid indenter with an angle , the projected contact area ( ) can be calculated from the contact depth ( ) via the following:
Numerical Model to
And the contact depth ( ) can be obtained from (2) at peak load, where stiffness ( ) can be calculated by measuring the slope of the unloading part of the force curve at maximum indentation depth ( max ).
where max is the load at the depth of maximum indentation. The geometric constant of is 0.72 for pyramidal and conical indenters [28] . Finally, to calculate Young's modulus ( ), the following can be used:
After unloading, the elastic deformation is completely recovered and only plastic indentation remains.
The Hertz Contact
Model. The Hertz model can also be used to calculate Young's modulus of a material from its indentation force curve. Based on this model the sample is assumed to be linear in its elasticity and an isotropic solid, and the indenter is considered as a rigid material [27, 33] . Most studies have used the approach part of the force curve to calculate Young's modulus [5, 6, 33] ; however, the average value of the approach-retract portion has also been considered [11] . For the four-sided pyramid indenter used in AFM, the Hertz model for calculating Young's modulus utilized the following [34] :
where is the face angle of the cantilever and is Poisson's ratio of the sample. For the Berkovich three-sided indenter used in the NTS, the Hertz model for calculating Young's modulus utilized the following [33, 35] :
In this study Poisson's ratio of the SPEEK layer was assumed to be zero due to the high porosity of this layer, and Poisson's ratio of PEEK was assumed to be 0.4 [36] .
AFM Nanoindentation.
A Seiko SPA 300 atomic force microscope with a SPI 3700 probe station was used to evaluate the mechanical properties of the samples. An Olympus microcantilever (OMCL-TR400PSA-3) with a silicon nitride hollow pyramid indenter with a 70-degree indenter angle was used for the test. The cantilever's length was 100 m with a spring constant of 0.08 N/m. The AFM was run in force curve mode and a scan size of 20 m × 20 m. The force curve graph obtained from the test was used to calculate the elastic modulus. Three AFM nanoindentation tests were made per sample.
Nanomechanical Test
System. The Hysitron TI 750D Ubi nanomechanical test system with the Berkovich indenter tip was used for the nanoindentation test. Three nanoindentation tests were made per sample. The maximum applied load was chosen based on a preliminary experiment considering the one-tenth indentation rule [1] . During the preliminary experiment, the applied load was varied from 200 N to 1000 N, and the load-displacement graphs were analyzed to extract the maximum penetration depth, which must be less than one-tenth of the coating thickness. The results showed that 200 N was suitable. The chosen loading rate was 5 N/s and the holding time was 300 s. Figure 2 shows the AFM 3D height image of the surface of PEEK and SPEEK. As can be seen the surface roughness of the PEEK increased after sulphonation due to the diffusion of the sulfuric acid [37] . Figure 3 shows the force-piezo displacement ( ) for SPEEK and PEEK obtained from the AFM. Figure 3(a) shows the force-piezo displacement of SPEEK to show the effect of snap-in and snap-out, which occurs for hydrophilic materials. Figures 3(a) and 3(b) show the method of extracting the indentation depth from the force curve for SPEEK and PEEK. Figure 4 shows the force curves of the SPEEK and PEEK via the NTS.
Results
AFM and Nanomechanical Test System Results.
Analysis of the AFM Results.
The SPEEK AFM force curve showed the effect of snap-in and snap-out (Figure 3(a) ). This phenomenon was not apparent for the PEEK AFM force curve (Figure 3(b) ) and the NTS force curve results (Figure 4) .
Another difference between AFM and NTS force curves which could happen is the reverse position of the approach and retract curve in the AFM's force curve. The retract portion of the NTS force curve is located on the right side of the approach portion (Figure 4) . However, the force curve graph for the AFM shows the reverse ( Figure 3) . As a result, the residual indentation depth ( ) and contact area between the sample and indenter ( ) at maximum load cannot be extracted from the AFM force curve graph with reverse approach and retract part. Thus, Young's modulus and hardness of the material cannot be calculated via the Oliver and Pharr model. However, if an assumption is made that the residual indentation is zero, the retract portion of the AFM force curve [4] can be used to calculate the elastic modulus and hardness using the Oliver and Pharr model. This assumption, however, causes an inherent error in the calculated Young's modulus and hardness. The reverse position of the approach-retract parts of the force curve is one of the biggest problems regarding the hysteresis of the AFM's piezo scanner and makes it difficult and sometimes impossible to analyze the AFM's force curve graph.
Another consideration that must be taken into account when analyzing AFM force curve is that the force versus piezo displacement ( ) must be converted into force-indentation depth ( ) graph [39] . Figure 3 schematically shows the method of extracting the penetration ( ) from -graph. For calculating the indentation depth, a line with a slope value of -the cantilever displacement line-must be drawn from the first approach point of the force curve. This line shows that the cantilever displaced with an assumption of fixed spring constant factor (Figure 3(b) ). The indentation depth can be obtained from the piezo displacement via the following [16, 40] :
As can be seen in Figure 3 (a), the indentation ( ) for SPEEK is positive for the initial few nanometer piezo displacement in the approach part of the force curve. However, due to the nonlinearity of the cantilever spring properties and AFM piezo's hysteresis, the indentation became negative in the last few nanometer piezo displacement at the end of the approach part of the force curve. The negative value for indentation constitutes an error. Figure 5 shows the calculated For the first part of the indenter approach, the calculated indentation increased with increasing force, but as the load increases further, the calculated indentation decreased and eventually ended with a negative value, which is impossible. This happened due to the increase in error as the load increases. Nevertheless, the first part of the approach of the force curve of SPEEK (Figure 3(a) ) can still be used for calculation using the Hertz model. In Figure 3 (a) the cantilever displacement line (A-B) overlaps the piezo displacement line, thus resulting in zero depth of indentation for the retract part of the AFM force curve of SPEEK. However, for region B-C there were minute differences resulting in a very small amount of indentation depth. Figure 6 shows the force-calculated indentation depth for the retract portion of the SPEEK's force curve. Since the tangent at maximum force does not cross the -axis, that is, the indentation depth, the contact indentation depth cannot be obtained and therefore the elastic modulus cannot be calculated using this curve.
The calculated Young's modulus of the SPEEK layer by AFM nanoindentation via the Hertz model is shown in Figure 5 . As can be seen, the calculated Young's modulus between 25 nm and 75 nm piezo displacement is 5.2 ± 1.6 MPa, but with increasing piezo displacement the value increased to 107.3 MPa at 150 nm. The elastic properties of SPEEK cannot be calculated using the Oliver-Pharr model, as the contact area ( ) cannot be extracted from the force-indentation graph. Figure 3(b) shows the force curve graph for PEEK. Compared to SPEEK, snap-in was not visible. The cantilever displacement line for the approach and retract portions overlapped with the piezo displacement line for the first few piezo displacement, resulting in zero indentation depth. However, with increasing of the value of the piezo displacement the force curve is located at the right side of the cantilever displacement line, which means a negative value for the indentation depth. The AFM indentation result for PEEK is different from SPEEK, showing that cantilever with low spring constant is not suitable for use in calculating the material properties of hard materials. Table 1 shows the calculated elasticity modulus of the SPEEK and PEEK based on the NTS force curve (Figure 4 ) via the Oliver-Pharr model. Figure 7 shows the calculated modulus of elasticity of SPEEK and PEEK based on the Hertz model. As can be seen, the calculated elastic modulus was different for different indentation loads. Young's modulus for SPEEK with indentation loads between 150 and 200 N was 305 ± 46 MPa, which was close to the calculated elastic modulus via the Oliver-Pharr method (411 MPa). The calculated elastic modulus of PEEK with indentation loads between 150 and 200 N was 1500 ± 40 MPa, which was less than half of the calculated elastic modulus according to the Oliver-Pharr model (3937 MPa). A summary of the calculated elastic modulus and the disadvantages of each type of equipment and numerical model are shown in Table 2 . 
Analysis of the Nanomechanical Test System Results.
The indentation depth has too much error [38] 1600 ± 40
The contact indentation depth cannot be extracted -
The indentation depth can only be extracted for the first few nanometers 5.6 ± 1.1
Nanomechanical test system
Oliver-Pharr --411 ± 16
Discussion
We have compared the outcome of the AFM force curve and nanomechanical test force curve for two types of polymeric materials-PEEK and SPEEK. The AFM force curve for SPEEK shows snap-in and snap-out due to the hydrophilicity of the material. However, this does not occur in PEEK which is hydrophobic [6, 39, 41] . The observed differences between the two materials were not apparent if the NTS was used, as its indenter was not linked to a cantilever similar to that found in the AFM. Snap-in is a condition where the cantilever suddenly bends or is attracted to the sample due to the van der Waals attraction [42] . After contact, the indenter will bend upwards as it is continually pushed by the sample in the upwards direction, thus increasing the contact force on the sample. During retraction, the indenter is initially prevented from separation due to adhesive forces which includes the van der Waals forces, the electrostatic force, capillary force, and the chemical bonds [42, 43] . At a certain distance of retraction, the indenter suddenly snaps out as the adhesive forces can no longer sustain the separation load. Another error in the AFM force curves which affects the prediction of mechanical properties is the reverse position of the approach and retract curves. This is a common error due to the hysteresis of the AFM's piezo scanner which has been reported by several researchers [13] [14] [15] [16] [17] [18] . This error makes it impossible to extract the residual indentation depth ( ) and contact area between the sample and indenter. Even with the reverse portion of the approach and retract part, the elastic modulus can still be extracted from the force curve using the Hertz model [27, 33] . Also the Oliver-Pharr model can be used for calculating the elastic modulus with an assumption of zero residual indentation depth ( ).
In this particular comparative study, we found that the prediction of elastic modulus from the AFM was less accurate than the NTS due to the cantilever effect and piezo hysteresis from the AFM. For the NTS, the Oliver-Pharr model gave a more accurate prediction of the elastic modulus compared to the Hertz model [38] .
Conclusion
A study was done to compare the predicted elastic modulus from two types of equipment-AFM and NTS. Force curves from both types of equipment were used with the Journal of Engineering 7 mathematical models of Oliver-Pharr and Hertz to calculate Young's modulus of PEEK and SPEEK. We observed the following difficulties when analyzing mechanical properties via the AFM's force curve which are common in terms of using AFM for nanoindentation purpose. Firstly the force curve graph of PEEK could not be extracted from the force-piezo displacement due to the relatively high stiffness of PEEK compared to the cantilever's spring constant. Therefore using cantilever with higher cantilever spring constant is preferred for indentation purpose. Secondly the approach and retract portion of the AFM's force curve was reversed in comparison with the NTS force curve graph. The reversed curve was due to hysteresis of the piezo of the AFM equipment making it impossible to extract from the AFM force curve graph. In contrast, the NTS with the Oliver-Pharr model predicted Young's modulus of both PEEK and SPEEK accurately.
